Abstract. This paper summarizes recent progress in the development of ba;k-contact crystalline%ilicon(c-Si) solar cells and modules at Sandla National Laboratories. Backcontact cells have potentially improved efficiencies through the elimination of grid obscuration and aHow for significant simplifications in the module assembly process. Optimizationof the process sequence has improved the efficiencyof our back-contactcell ("emitterwrap through") from around 12%to near 17% in the past 12 months. In addition, recent theoretical work has elucidated the device physics of emitter wrap-through cells. Finally, improvementsin the assemblyprocessusing back-contactcells are described,
INTRODUCTION
While a wide variety of semiconductor materials have been examined and are still currently under development for photovoltaic (PV) modules, the dominant technology today still uses bulk crystalline-silicon (c-Si) substrates. This dominant technology typically uses screen-printed metal gridlines on the front surface, which can shade up to 10 YO of the active cell area. In the module assembly process,' these cells are series connected by soldering tabs from the front of one cell to the back of another cell. This process requires multiple steps that are difficult to automate.
BACK-CONTACT CELLS
An alternative to the conventional process is made possible by the use of backcontact solar cells. The back-contact cell can have a' higher efficiency than a front-contact cell due to elimination of grid obscuration losses, and has the potential to simplify the module assembly process.i Due to these potential advantages, there is presently considerable interest in back-contact silicon solar cells. J.\f. Gee. cr (IL.XCPV Program Review Meeting, S-11 Scptcmlxr 199S, Denver. CO.
We are developing the Emitter Wrap-Through cell (EWT). This back-contact cell structure has been described previously.3 The EWT solar cell has a phosphorus-diffused junction on the front and back surfaces. The phosphorus diffusion is either removed or masked from a small area on the back surface for the p-type contact. The front junction is electrically connected to the rear junction through laser drilled holes in the wafer, which are also phosphorus diffused. Interdigitated negative and positive grids are applied on (he backside. Internal collection efficiency is high in this device due to the double-sided collection. Diffusion length requirements are only half that of a conventional front contacted solar cell to obtain similar collection efficiency.
Process Development
In the past year, improvements in the cell fabrication process have led to an efficiency improvement from 11.6%.to 16.4%. Improvements have been made in plating, emitter passivation, and p-type surface passivation.. We use photolithography for patterning the phosphorus diffusion and contacts in our laboratory prototypes. The starting material is typically 0.4-Qcm float-zone silicon. The fabrication process has been described previously.3
Shunt conductance was a common defect in the early development of the EWT celJ. The shunts were frequently due to bridging of the p-type and n-type contacts during the silver plating process. Slower plating rates and optimization of the plating bath chemistry have essentially eliminated shunt defects caused by the plating process.
Emitter surface recombination was minimized by retaining the oxide grown during the phosphorus diffhsion. This oxide was grown to the proper thickness for use as an antireflection coating. In order to retain this oxide during the etching of the contact windows, a double-sided photolithography process was developed. Use of the emitter oxide produced a gain in short-circuit current of about 10 % due to enhanced blue response. The next variation on this process will involve stripping of the diffusion oxide, regrowth of a 10-rim passivation oxide, and deposition of a double-layer antireflection coating. This process will produce an antireflection coating optimized for use in a module.
We also added a boron-doped oxide to our EWT cell process. The mask oxide is deposited by APCVD and is patterned by photolithography. The mask oxide acts as a barrier to phosphorous diffusion as well as simultaneously diffusing a p+ layer at the p-type surface during the phosphorus emitter diffusion. As yet, the process is not optimized and only small gains in short-circuit current are observed by use of the boron-doped mask oxide as compared to an undoped mask oxide.
The EWT cell efficiency is currently limited by a low fill factor (R?). The low FF can not be attributed to either series resistance or shunt conductance. The poor FF manifests itself as a non-ideal diode characteristic near the maximum-power point. Arepresentative I-Vcurve isshown in Figure 1 . Theunusual aspect of this characteristic it that it only appears when the front side is illuminated. I-V characteristics are nearly ideal when illuminated from the back, gridded side, or in the dark.
Modeling
Other research groups have frequently observed a low FF in EWT-like backcontact cells. Recent papers have attributed the low FF to either a surface conductance channel between the rear emitter and the p-type contact, or to the large perimeter of exposed pn junction due to the interdigitated grid structure. 2 We have developed a model for the EWT cell to help explain the low FFs that advances a new mechanism. Most of the EWT cell has a bipolar transistor (n+pn+) structure. In the nomenclature of transistors, the front n+ diffusion is the emitter, the p-type bulk is the base, and the rear n+ junction is the collector. Ideally, the diffused holes should electrically connect the emitter and collector with a low resistance. In this ideal case, photocurrent reaches the rear contacts by two paths -diffusion of minority carriers to the rear junction, or diffusion of minority carriers to the front junction and conduction through the holes. This ideal cell would have an I-V characteristic similar to an ideal diode.
Transistor effects will appear if the hole resistance is high. In this case, conduction of current through the holes biases the emitter with respect to the collector. Biasing of the emitter causes the emitter to inject minority carriers into the cell base, which can then be collected by the collector through the transistor effect. Since the current collected by the emitter is The model describes the I-V characteristics extremely well. However, the cause for the factor of ten discrepancy between calculated and expected Rh is unknown. One possibility is that the diffusion inside the hole is lighter than expected. The phosphorous diffusion is a gas source, and it is possible the dopant gasses do not penetrate to the interior of the hole as effectively as an exposed surface. Another possibility is a discontinuous diffused layer due to topographical features inside the hole. Experimental work is underway to directly measure the hole resistance and confirm the device model.
MONOLITHIC MODULE ASSEMBLY
The most significant advantage of the back-contact configuration is simplification of the module assembly.1 The present geometry with contacts on front and back surfaces is difficult to automate and module fabrication (including labor and materials) now accounts for nearly 50% of the finished module cost. We are working on a new module assembly concept that encapsulates and electrically connects all the cells in the module in a single step. The key features of this new process include the following: (1) back-contact cells; (2) a module backplane that has both the electrical circuit and encapsulation material in a single piece; and (3) a single-step process for assembly of these components into a module (Fig. 3) . This process reduces costs by reducing the number of steps, by eliminating low-
,. ,.
- throughput (e.g., individual cell tabbing, cell stringing, layout, etc.) steps, and by using completely planar processes that are easy to automate. We refer to this process as "monolithic module assembly" since it translates many of the advantages of monolithic module construction of thin-film PV to wafered c-Si PV. Simplifications in the module fabrication have been estimated to reduce the cost of module fabrication by up to 50%, which corresponds to a reduction of around 25?Z0in the total manufacturing cost for the module. 1
We have previously described a process using conductive epoxy for the The electrical resistance of the epoxy bonds continuously increased during thermal cycling, which led us to examine other materials for the electrical attachment. We are presently examining solder for the electrical attachment material. Solder can make reliable, low-cost electrical attachments. However, we had to examine solders with relatively low liquiduus temperatures (c150"C) due to the use of ethylene vinyl acetate (EVA) for the encapsulant.
We are examining bismuth-alloy solders with liquiduus temperatures of 100 and 138"C. We were able to make electrical bonds with both solders during an encapsulation cycle in a standard pressure-vacuum laminator and using EVA. Metallography of assembled modules found that the solder joint was not continuous (Fig. 4) . The EVA both melts and flows during the lamination cycle, which could interfere with wetting of the solder between the tinned copper electrodes and the solar cell buss bar. Changes in the geometry of the solder joint, stabilization of the copper electrode, and/or variations in the encapsulation process may improve the quality of the solder joints.
. Thermal cycling of assembled modules is in progress. Modules using both bismuth-alloy solders are being cycled as well as some modules constructed with industry-standard Sn/Pb (63/37) solder. The cells were soldered prior to encapsulation in the modules using Sn/Pb solder similar to current industrial practice.. The modules have 4 mechanical cells in series, The resistance of the series was monitored during thermal cycles of .-40°C to +90*C. The dwell times at the temperature extremes were 30 minutes each and the total cycle time is 3.5 hours.
Large changes in resistance were seen in one module using each of the bismuth alloys. This supports the results of the metallographic analysis that the solder joint is not continuous and probably not very strong. The other modules using the Bi-alloy solders and both of the Sn/Pb modules do not show any significant trends in the first 50 thermal cycles. .Therrnal cycling is planned to continue until at least 200 total cycles.
SUMMARY
There 'isresurgent interest in back-contact silicon solar cells due to its potential performance and module-assembly cost advantages. We reviewed our recent progress in back-contact cell and module development, which has included demonstration of 16.4%-efficient back-contact EWT cells, refinement of EWT device model, and improvement of the module assembly process.
